Atmospheric plasma spraying (APS) is an effective process to make ceramic coatings. However, several types of cracks are inherently present in the coatings and among them, delamination cracks within the coatings or at the interface with the underlying layer are believed to reduce their durability and reliability. In this study, non-contact laser acoustic emission (AE) method and original AE measurement system successfully detected the cracks during APS in real time, which was very difficult because of noise from the APS system. AE waveform was sampled and recorded continuously during the testing time. AE events due to delamination cracks were successfully detected from noisy waveform by this system. Influences of the scanning speed and the power of the plasma jet to the delamination were also confirmed.
Introduction
Atmospheric plasma spraying (APS) is an effective process to make ceramic coatings as thermal, wear or corrosion barrier on the substrate materials. Because of the brittle nature of ceramics and extreme temperature history during plasma spraying, however, several types of cracks such as microcracks within each splat, delamination cracks, and vertical segmentation cracks inherently present in plasma sprayed ceramics coatings. Among them, delamination cracks within the coatings or at the interface with the underlying layer are believed to reduce its durability and reliability. Thus, detection and estimation of these delamination cracks are important. It is well known that several non-destructive evaluation (NDE) methods such as ultrasonic testing and X-ray testing can find the cracks. However, they are all ex-situ methods and can not inform the occurrence time of the cracks. Thus, an in-situ NDE method is desirable.
Acoustic emission (AE) method is one of the in-situ NDE methods and may be adapted to the detection and evaluation of the cracks in the coatings during APS process. However, conventional AE methods which use piezoelectric sensors are difficult to apply because the temperature of the specimen during APS process often exceeds the Curie temperature of the sensors. Therefore, the non-contact laser AE method, 1, 2) which uses laser interferometers as sensors is effective to monitor the APS process. Our group already reported laser AE monitoring during thermal cycling of ceramic coatings.
3-5) Nishinoiri 6) and Taniguchi 7) also applied laser AE method to detect the cracks in ceramic coatings during cooling period after the plasma spraying process. However, these previous studies could not monitor the spraying process itself because of large noise from APS system. Therefore, our original AE measurement and analysis system ''Continuous Wave Memory'' (CWM) 8) was modified for this study to detect damages during APS process. Conventional AE measurement system needs a preset threshold voltage and noise filtering to detect AE events from noisy environment.
In contrast, the CWM system can continuously record the signals from sensors to hard disks during a whole experimental time. This recording method enables flexible and thorough analysis of AE characteristics after the experiment as many times as needed. CWM was also implemented with a set of powerful signal processing methods for the continuous waveform such as time-frequency analysis and frequency filter with spectrum subtraction.
Experimental Procedure

APS process
Substrate was a SUS304 stainless steel disk with 30 mm in diameter and 5 mm in thickness. This disk shape was chosen in order to reduce thermal stress concentration at the edge of the specimen compared with rectangular one. The bottom surface of the substrate was mirror finished to reflect laser beams. On the contrary, the top surface was grid blasted by abrasive powder (alumina, #36, JIS R6001 compliant) to increase the adhesion between the substrate and the coating. A hole with 1.8 mm in diameter and 15 mm in depth was drilled from the side for temperature monitoring by a thermocouple.
An APS system with a SG-100 plasma spray gun (Praxair, Inc.) was used. An industrial robot arm (YR-UP20-A00, Yaskawa electric corp.) gripped and drove the gun. At first, Ni-20Cr powder (1262F, Praxair, Inc.) was sprayed to the blasted top surface of a substrate as a bond coating with 300 mm thickness. The spray conditions of the bond coating are shown in Table 1 . Figure 1 shows the schematics of AE monitoring during the top coating process. For protection of the optical components, two jigs were provided as external and internal, both of which were attached to the shock absorbers at the bottom to protect the specimen from superfluous vibration. The ''external jig'' held a steel cover plate to guard the internal equipments. The cover plate had a hole in the center with 40 mm in diameter. The position of the external jig was carefully adjusted so that the plasma jet would hit only the specimen through this hole. Meanwhile, the internal jig was a table made of steel and brass, and it held the specimen and the pyramid mirror, which reflects the four channels of laser beams to the bottom surface of the specimen. The specimen was fixed to the internal jig at three points on its side surface not to be shaken by the plasma jet.
Alumina powder (K-16T, Showa Denko K.K.) was sprayed as the top coating over the bond coating. Feedstock powder and the basic spraying conditions are shown in Table 2 and one of these conditions was modified in each test. The plasma spray gun scanned over the specimen by 80 mm Â 90 mm area with 150 mm/s velocity and 5 mm pitch. In the following manuscript, the one time scanning of this area is called ''one pass''.
The temperature of the specimen was monitored by a type K thermocouple inserted into the hole in the specimens and was recorded by the data logger (NR-1000, Keyence Corp.).
AE measurement
Four channels of heterodyne laser Doppler interferometers were used as AE sensors in this study. One channel of AE sensor consisted of a class 3B He-Ne laser head unit (AT0022, Graphtec Corp.) and a demodulation unit (AT3600S, Graphtec Corp.). The laser beam was continuous wave with 2 mW power. Sensitivity of the demodulation units was 1 mm/s/V. Detectable frequency range of the laser interferometer was up to 400 kHz. Emitted laser beams were reflected by the pyramid mirror, focused on the bottom surface of the specimen and reflected back onto the same paths. Output waveforms from the laser interferometers were continuously sampled by the CWM system with 10 MHz frequency, bipolar 5 V range and 12 bit resolution and stored into hard disk drives. The recorded waveforms were analyzed by the internal software of the CWM system.
At first, the recorded continuous waveforms were analyzed by short time Fourier transform (STFT) method to obtain the spectrograms, i.e. time-frequency characteristics. Since STFT is a quicker calculation method than other timefrequency analysis methods, such as wavelet transform method, it should be adaptive for analysis of long waveforms. In this study, the continuous waveform was split into short parts with 1024 (¼ 2 10 ) samples length and each part was processed by the fast Fourier transform (FFT) method. Consequently, the frequency resolution of this STFT processing became about 10 kHz because the sampling frequency was 10 MHz. 
Signal processing
Noise components were recognized and cut from the spectrogram of the continuous waveforms. For example, three components could be found in a sample waveform which is shown in Fig. 2 . In addition to the AE event signal in 3-4 ms and 200-500 kHz, two components were constantly existed under 100 kHz and about the same frequency range as the AE event signal. The former was only observed during the spraying and the latter was constantly observed during the measurement. Therefore, they are considered to be mechanical vibration of the specimen by the plasma jet and background noise of the AE measurement system, respectively. Therefore, the vibration noise was eliminated by a high pass filter with the cut off frequency at 100 kHz. In particular, all magnitude data on the spectrogram under 100 kHz were zeroed. 9) At the same time, the background noise was reduced by soft-thresholding. 10) All magnitude data on the spectrogram were subtracted 10% of the maximum magnitude. After that, the filtered waveforms were obtained from these altered spectrogram data by the inverse STFT method.
At that time, following smoothing process was applied to smooth gaps which were generated at the terminal points of every FFT part when inverse FFT was simply applied to the altered spectrogram. This process used Hanning window function which is expressed as
where hðmÞ is coefficient of Hanning window function, n is the length of the FFT part, m is position in one FFT part. Two filtered waveforms s 1 and s 2 were prepared by inverse STFT from the same original waveform with different FFT partition. In particular, the FFT part of s 1 shifted half of the part length from s 2 , that is, s 1 ðmÞ and s 2 ðm þ n=2Þ points the same position on the original waveform. Then, sðmÞ was synthesized from s 1 and s 2 as the following formula
At that time, hðmÞ approaches to zero at the terminal of each FFT part and always hðmÞ þ hðm þ n=2Þ ¼ 1. Therefore, sðmÞ became smooth at the terminal of each FFT part.
After the noise reduction process, AE events were detected with 120 mV (which corresponds to 0.12 mm/s) of threshold voltage, which was selected as slightly higher level than the observed maximum amplitude of noise. Figures 3 and 4 show waveforms and spectrograms by Gabor wavelet method of a typical AE event. The time lag should be less than 5 ms because the maximum distance between the sensors was 15 mm and sound velocity in the substrate was about 3000 m/s. However, sometimes the first peak of the waveform did not exceed the threshold level. AE events were detected when the all channels of waveforms exceeded the threshold voltage within 10 ms lag. This limitation of time lag was selected as slightly longer than the theoretical maximum time lag. After these signal processing, automatically detected AE events candidates were carefully checked again and dubious events were removed. Figure 5 shows the temperature history of a test without powder feeding. No AE event was detected from three times of tests with 28 passes of heating. Therefore, it was confirmed that 1) there was no false detection of noise as AE events, 2) no AE was detected from the bond coating and 3) AE event which was detected during spraying with powder should be assumed due to cracking inside of the top coating or at its interface with the bond coating. Figure 6 shows the temperature history and AE events with the standard condition, i.e. 150 mm/s of gun speed, 20 passes spraying and 800 A of plasma output. Each bubble mark shows one AE event with its occurrence time, maximum amplitude and peak frequency which was calculated by the Gabor wavelet transform. In this case, the temperature of the specimen went down after the largest AE event at 151 s even during spraying. Furthermore, it was visually observed that a large part of the top coating was already delaminated immediately after the end of spraying. Therefore, the AE event at 151 s should be caused by a large delamination of the top coating. Interruption of the heat conduction from the top coating to the substrate by this delamination is considered to be the cause of the temperature decrease. Figure 7 shows another result of a test with the same standard condition as the previous one. Delamination of the top coating was not observed visually at the end of spraying in this test. However, AE events were detected during spraying. Therefore, these AE events might be due to subsurface cracks during spraying. In the cooling period after that, large AE events were detected and finally all of the top coating was delaminated. Figures 8 and 9 show the result of tests with different gun speeds from the case of Fig. 7 . The numbers of passes in these tests were adjusted to make the top coating with the same thickness in the all tests. Then, the activity of AE was higher when the gun speed was slower. It was considered that a slower gun speed made large temperature fluctuations during spraying, which provided a more severe environment for the top coating and induced delamination events in the top coating. Figure 10 shows the result of a test with high power (1000 A) plasma. It indicates the same tendency that severe thermal condition made more AE events due to delamination cracks. These results clearly indicate that AE measurement during plasma spraying is essential for understanding and control of the cracks in the ceramic coatings because AE events can be detected both during the spraying and the cooling period thereafter and analyzed to provide detailed information of each event such as its timing, location, amplitude and peak frequency.
Results and Discussions
Conclusions
(1) APS process was monitored by the noncontact laser AE method with the originally developed AE measurement and analysis system. This system recorded AE waveform continuously during the whole process and made an effective signal processing including noise reduction and AE event detection.
(2) AE events due to delamination cracks in or at the interface of the top coating were successfully detected during very noisy plasma spraying process at elevated temperature. (3) Slow scanning and/or high power of the plasma jet made severe thermal environment to the ceramic coating and induced larger number of AE events due to delamination. 
